Mutationally-altered forms of the CYC1 gene, which encodes iso-1-cytochrome c in the yeast Saccharomyces cerevisiae have been used to elucidate the major features of translation. The deficiencies of iso-1-cytochrome c in certain cyc1 mutants and the corresponding deduced DNA sequences of cyc1 mutations indicated that AUG was the only codon capable of initiating translation at appreciable levels (48, 49) , a finding confirmed in yeast cells with other systems (7, 9) . Also, early studies indicated that translation of CYC1 mRNA initiated at the most upstream AUG codon (45) (46) (47) and that translation could initiate at a relocated AUG initiator codon within a 37-nucleotide region around the normal initiation site (45) (46) (47) (48) (49) . These results and the results with deletion mutants (2) suggested the lack of any additional sequence requirements for initiation of translation. However, nucleotides preceding the AUG initiator codon at positions Ϫ1 and Ϫ3 slightly influenced initiation of translation, and the introduction of hairpin structures in the vicinity of the AUG initiator codon inhibited translation, with the degree of inhibition related to the stability and proximity of the hairpin (2, 9) .
To further investigate whether translation can initiate at relocated AUG triplets, we have taken advantage of the instability of CYC1 mRNA containing internal UAA nonsense codons, as illustrated in Table 1 for the cyc1-91 mutant. While the instability of the cyc1-91 mRNA could be rationalized, it was unclear why the cyc1-133 initiator mutant contained a normal level of mRNA, because there are internally located open reading frames (Fig. 1) . One interpretation was that the internally located open reading frames were not translated. Because of this difference in mRNA stability, we have systematically investigated the possibility that initiation cannot occur at some internal AUG triplets; these studies were carried out by constructing and analyzing the following three series of cyc1 mutants and determining the levels and polyribosome distribution of the corresponding mRNA: (i) the TAA series, containing only one ATG codon at the normal initiating position and TAA nonsense codons at different positions along the CYC1 mRNA; (ii) the ATG-TAA series, containing the sequence ATA ATG ACT TAA at different positions along the CYC1 mRNA in a background lacking all other ATG triplets; and (iii) the ATG series, containing the sequence ATA ATG ACT at various positions along the CYC1 mRNA in a background lacking all other ATG triplets. Our results suggest that there are a ''sensitive'' region and an initiation region. Upf1-mediated degradation of CYC1 mRNAs occurred if premature nonsense codons were situated in the sensitive region, which constituted approximately the first half of the translated region. The initiation region is a region only in which relocated AUG initiator codon can initiate translation at appreciable efficiency, independently of the reading frame, and which encompasses 61 nucleotides from positions Ϫ24 to 37. This initiation region is not entirely dependent on the distance from the 5Ј cap site and is not obviously dependent on the shortrange secondary structure. Similar conclusions were made with a less extensive number of cyc1 mutants that, however, contained all of the normal ATG triplets at internal sites (54) .
MATERIALS AND METHODS

Genetic nomenclature and yeast strains. CYC1
ϩ denotes the wild-type allele encoding iso-1-cytochrome c, whereas CYC1 denotes the locus and is the generic symbol of any allele. Mutant alleles that produce either normal or decreased levels of iso-1-cytochrome c are designated cyc1 followed by the allele number, e.g., cyc1-1088, cyc1-1249, etc. CYC1 mRNA denotes normal or altered mRNAs transcribed from any CYC1 allele.
Congenic yeast strains having the CYC1 alterations listed in Table 2 were constructed as previously described by Baim and Sherman (2) and Li and Sherman (30) . The desired alterations were made by oligonucleotide-directed mutagenesis by the method of Kunkel et al. (26) and with the plasmids and oligonucleotides listed in Table 2 . The cyc1-1249 allele was constructed by incorporating all six oligonucleotides in the same in vitro reaction. The alterations were verified by DNA sequencing (43 [2, 30] .) This procedure ensures that only a single copy of the altered gene is present at the CYC1 chromosomal locus.
Oligonucleotides. Oligonucleotides used for oligonucleotide-directed mutagenesis (Table 2 ) Northern (RNA) analysis, and PCR were synthesized on an Applied Biosystems 380A DNA synthesizer and are listed in Table 3 .
Determination of cytochrome c content. Total amounts of cytochrome c were determined by spectroscopic examination of intact cells at Ϫ196ЊC (44) and by comparing the intensities of the c ␣ -bands at 547 nm to the c ␣ -bands of strains having known amounts of cytochrome c. A more accurate determination of cytochrome c content in intact cells was made by low-temperature (Ϫ196ЊC) spectrum recording with a modified Cary 14 spectrophotometer (17) .
The preparation of total, nuclear, and cytoplasmic RNA from yeast cells. Total RNA was prepared according to the procedure of Li and Sherman (30) , and nuclear and cytoplasmic RNA was prepared according to the procedure of Wise (53) . Briefly, yeast cells were grown in 1 liter of YPD (1% Bacto-yeast extract, 2% Bacto-Peptone, 2% glucose) to an A 600 of 1.0 to 1.2. The cells were harvested and washed with 40 ml of water containing 200 l of 2-mercaptoethanol. Subsequently, the cells were resuspended in 40 ml of SB (1.2 M sorbitol, 10 mM EDTA [pH 8.0], 10 mM potassium phosphate [pH 7.5], 0.1% 2-mercaptoethanol). A total of 12 mg of Zymolyase 100T was added, and spheroplasts were formed by incubating the cell suspension at 30ЊC for 45 min. Subsequent steps were carried out on ice. Spheroplasts were harvested and washed with 30 ml of HMC (25 mM HEPES [N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid; pH 7.6], 5 mM MgOAC, 0.5 M sucrose) at 2,500 ϫ g at 4ЊC for 1 min, and the pellet was resuspended in 24 ml of HMS (25 mM HEPES [pH 7.6], 5 mM MgOAC, 0.25 M sucrose) and 0.1% Nonidet P-40 and lysed in a prechilled Dounce homogenizer by six strokes with a loose pestle and six strokes with a tight pestle. The cytoplasmic fraction and nuclear fraction were separated by layering the lysate over 10 ml of an HMC cushion and centrifuging it at 8,000 ϫ g at 4ЊC for 5 min in a swinging bucket rotor. The resulting supernatant was the cytoplasmic fraction, and the pellet was the nuclear fraction. Nuclear RNA was purified from the nuclear fraction by the procedure used for total RNA preparation. For cytoplasmic RNA preparation, 1 ml of the cytoplasmic fraction was first diluted with 2 ml of diethylpyrocarbonate (DEPC)-treated water, and then the solution was extracted once with phenol, once with phenol-chloroformisoamyl alcohol (25:24:1), and once with chloroform-isoamyl alcohol (24:1) and then precipitated with 10 ml of 95% ethanol at Ϫ70ЊC. The precipitated RNA was collected and suspended in 100 l of sterile water.
Determination of CYC1 mRNA content. The relative amounts of CYC1 mRNA were determined by standard Northern analysis, with the procedures previously described by Li and Sherman (30) that were based on the quantitative comparisons of the CYC1 and ACT1 mRNA band densities. Approximately 20 g of total RNA was usually used for each analysis. The amount of CYC1 mRNA was determined as a ratio of the densities of the CYC1 and ACT1 mRNA bands. An LKB 2222-010 UltroScan XL laser densitometer was used to determine the relative densities, which were presented by the computer as relative area of each band on the autoradiograph film of the Northern blot. The amount of CYC1 mRNA in each mutant was determined by reference to the standard dilution curve, defining the normal CYC1 allele in the derepressed growth condition as 100%.
The decay rates of CYC1 mRNA were determined with yeast cells grown in YPD medium to an A 600 of 0.75. Thiolutin (3 g/ml) was added to the culture, 8-ml samples were collected every 3 min, and total RNA was prepared and analyzed as previously described (16) .
Fractionation of polyribosomes. Yeast polyribosomes were fractionated by sucrose gradient centrifugation according to the procedure of Baim and Sherman (1) and Warner et al. (52) with minor modifications. Instead of growing the yeast strains in 100 ml of YPD medium and layering a portion of the supernatant liquid corresponding to 30 U of A 260 over a 16-ml linear sucrose gradient, yeast strains were grown in 300 ml of YPD medium and all of the buffers used for preparing the supernatant were tripled, a portion of supernatant liquid corresponding to 90 U of A 260 was layered over 36-ml linear sucrose gradient (10 to 50% [wt/vol]), and the sucrose gradients were centrifuged at 20,000 rpm at 4ЊC for 5 h in an SW27 rotor (Beckman Instruments, Inc.).
Treatments with 50 mM EDTA were carried out when dissociated polyribosomes were required.
Distribution of CYC1 mRNA in the polyribosomal fractions. The distribution of CYC1 mRNA along the polyribosomal gradient was determined by isolating RNA from the sucrose gradient fractions (1) , subjecting approximately one-half of the RNA from each fraction to gel electrophoresis, and subsequently hybridizing the separated RNA fractions with CYC1 and ACT1 probes as described by Li and Sherman (30) . The top fractions of the CYC1 mRNA polyribosomal fractions were defined as the level of radioactivity in the top four fractions compared with the total level of radioactivity. The appropriate regions of the Northern blot membranes were cut, and the corresponding radioactivity levels were determined with a Beckman LS 6000SC liquid scintillation counter. The radioactivity levels were used to infer the efficiencies of translation initiation as discussed in the text.
Disruption of the UPF1 gene. The yeast chromosomal UPF1 gene was disrupted by transforming yeast cells with DNA fragments that were prepared by digesting the plasmid pPL51 with BamHI and EcoRI. pPL51 is a derivative of YIp5 containing the upf1-⌬ allele, which was constructed by deleting approximately 60% of the UPF1 coding sequence (nucleotides Ϫ187 to ϩ1726) between two adjacent HindIII sites and subsequently inserting a 1.1-kb HindIII fragment carrying the URA3 gene (29) . The transformants were selected on uracil omission plates, and the correct disruption was confirmed by the size of a PCR-amplified fragment.
FIG. 1. The nucleotide sequence of the normal CYC1
ϩ gene and the corresponding amino acid sequence of iso-1-cytochrome c are shown with the numbering system beginning at, respectively, the ATG initiator codon and the aminoterminal threonine. The cleaved methionine residue is shown in parentheses. ATG triplets in the three frames are indicated by underlines and circled numbers. For example, ATG codons in frame 1 are at amino acid positions Ϫ1, 69, and 85, whereas ATG triplets in frame 2 are at nucleotide positions 116 and 167. Similarly, the chain-terminating triplets TAA, TGA, and TAG in all three frames are indicated by double underlines and white numbers in solid circles. Only the first terminating triplet following an in-frame ATG codon is shown. Six internal open reading frames are encompassed in the following nucleotide positions: 57 to 96, 66 to 96, 116 to 223, 167 to 223, 208 to 330, and 256 to 330. The cyc1-944 allele and all of its derivatives (Table 4 ) contain a normal TATA element at position Ϫ123, an altered TATA element at position Ϫ178, and altered pseudo-TATA elements at positions Ϫ56, Ϫ78, and Ϫ93 (30), but only the replacements of elements at positions Ϫ56 and Ϫ78 are shown in the figure (above the normal CYC1 ϩ sequence). The cyc1-944 major and minor transcriptional start sites at, respectively, positions Ϫ38 and Ϫ28 are indicated at the top of the figure. a The cleaved methionine residue is given in parentheses, and altered codons are underlined.
PCR amplification of the UPF1 gene fragment. The UPF1 gene fragment was amplified by using approximately 1 g of chromosomal DNA in 100 l of a standard reaction mixture. The reaction mixture also contained 2 l of 10 mM deoxynucleoside triphosphate mixture, 2 pmol of each primer (OL94-28 and OL94-29), 2.5 U of Taq DNA polymerase, and 10 l of 10ϫ buffer (Boehringer Mannheim GmbH, Mannheim, Germany). The samples were placed in the PCR thermocycler (Perkin-Elmer Cetus Corp.) and cycled 25 times with denaturation at 94ЊC for 1 min, annealing at 50ЊC for 2 min, and extension at 72ЊC for 3 min. The sizes of the PCR products were determined by electrophoresis and staining the agarose gels with ethidium bromide.
RESULTS
CYC1 mRNA levels in mutants deficient in translation of iso-1-cytochrome c. As mentioned above, previous work revealed that the levels of CYC1 mRNAs were greatly diminished in nonsense mutants, whereas the levels remained approximately normal in mutants having altered initiator codons, even though both types of mutants lack iso-1-cytochrome c because of a deficiency in translation. Although the diminished levels of CYC1 mRNA by premature translational termination are consistent with the findings with other yeast genes (15, 19, 28, 31, 39, 40, 55) , the normal level of CYC1 mRNA in initiator mutants is unexpected, especially because the CYC1 mRNAs contain internal open reading frames (Fig. 1) .
In order to systematically investigate the role of ATG initiator codons and TAA terminating codons in mRNA stability, we have constructed a series of mutants lacking internal ATG triplets or all ATG triplets. The key cyc1 mutants are listed in Table 4 . The cyc1-944 allele contains only one TATA element, resulting in initiation of transcription within a restricted region (30) . This cyc1-944 allele was chosen because of the diminished number of CYC1 mRNA species with different 5Ј ends. The cyc1-1088 allele was derived from cyc1-944 by changing the normal ATG initiator codon to ATA, whereas the cyc1-1249 allele was derived from cyc1-944 by altering the normal ATG initiator codon and all six internal in-frame and out-of-frame ATG triplets ( Table 2 ). The cyc1-1250 allele was derived from cyc1-1249 by changing the ATA codon back to the normal ATG initiator codon. These cyc1 alleles subsequently were used to generate three series of mutants. The TAA nonsense series mutants were derived by introducing nonsense TAA codons at different nucleotide positions along the cyc1-1250 mRNA. Similarly, the ATG-TAA series of mutants were de- a Oligonucleotide sequences are listed in Table 3 . The CYC1 mRNA levels in key cyc1 mutants, presented in Table 5 , were qualitatively equivalent to cyc1 mutants containing internal ATG triplets. As expected, the CYC1 mRNA level was greatly diminished in the cyc1-1253 mutant, which contains the normal ATG initiator codon and a TAA terminating codon at nucleotide position 7. In contrast, the CYC1 mRNA level was normal in the cyc1-1249 mutant lacking all ATG triplets, even though nonsense triplets are present at various sites in the mRNA ( Fig. 1 ), including at position 7 in the cyc1-1296 mutant ( Table 5) .
The position of the nonsense codon influences the CYC1 mRNA levels. The almost complete absence of CYC1 mRNA in the cyc1-1253 mutant containing a TAA terminating codon at position 7 and the normal level of CYC1 mRNA in the cyc1-1250 mutant containing the normal terminating codon at position 328 (Table 5 ) indicated that the position or context of the TAA codon markedly influenced the mRNA level, as previously observed in other yeast genes (31, 40) . The results with the 11 mutants of the TAA nonsense series, shown in Fig. 2 and 3, indicated that the levels of CYC1 mRNA approached and equaled the normal level when the nonsense codon was closer to the normal TAA codon at nucleotide position 328. Fig. 11) a The position of the first nucleotide is indicated either at the front or the end of the sequence, depending on whether the oligonucleotide corresponds to the upper or lower strand, respectively. CYC1 mRNAs with nonsense mutations rapidly decay but are stabilized by upf1-⌬ mutations. We have directly demonstrated that the low abundance of CYC1 mRNA containing premature TAA codons was due to enhanced degradation. The half-lives in the representative cyc1-1261 and cyc1-1265 mutants were determined by measuring the loss of CYC1 mRNA after inhibiting transcription with thiolutin. The results, presented in Fig. 4 and Table 6 , revealed that the steady-state levels and half-lives of the CYC1 mRNAs were directly related.
Mutations of the UPF1 gene originally were isolated on the basis of their ability to act as allosuppressors of the his4-38 frameshift mutation (10) . Subsequent studies revealed that Upf1 is required for the degradation of mRNA containing premature nonsense codons (28, 40) and that upf1 mutations act as omnipotent suppressors (29) .
We have also demonstrated that upf1 mutations prevent the degradation of mRNA containing premature nonsense codons. The UPF1 gene was disrupted in representatives of the cyc1 mutants, and PCR amplification was used to identify the correct upf1-⌬ disruptions. The PCR product of the wild-type UPF1 gene was a 2-kb fragment, whereas the PCR product was a 1.2-kb fragment for the gene containing the correct upf1-⌬ disruption (data not shown). Northern analysis (Fig. 5) indicated that the low amounts of CYC1 mRNA in representative cyc1 UPF1 ϩ strains were restored to the normal level in the corresponding cyc1 upf1-⌬ strains (Fig. 2B) .
Levels of CYC1 mRNA in the ATG-TAA mutants. The normal level of CYC1 mRNA in, for example, the cyc1-1088 mutant, which lacks the normal ATG initiator codon (Table 5) but which contains internal open reading frames (Fig. 1) , and the almost complete deficiency in the cyc1-1253 mutant (Table 5) indicate that short open reading frames cause diminutions of CYC1 mRNA only when they are in certain positions in the mRNA. We have systematically investigated these positions with an ATG-TAA series of mutants, cyc1-1251 through cyc1-1260 (Table 2) , containing the ATA ATG ACT TAA sequence at various sites along the CYC1 mRNA, including the 5Ј and 3Ј untranslated regions. This ATA ATG ACT TAA sequence is Table 5 ) nonsense mutants, which are almost completely deficient in CYC1 mRNA. Because the cyc1-1249 mutant lacked all in-frame and out-of-frame ATG triplets, each of the various ATG-TAA mutants, which were derived from cyc1-1249, only contained the single ATG triplet of the ATA ATG ACT TAA sequence. Furthermore, the ATA triplet in front of the potential ATG initiator codon provides a maximal context for efficient translation in yeast cells (2, 9) . The results of quantitative Northern analysis ( Fig. 3 and 6 ) indicated that there were various levels of CYC1 mRNA and that the deficiency depended on the proximity to the position of the normal ATG initiator codon. As mentioned above, the cyc1-1253 mutant of the ATG-TAA series, which is equivalent to the first mutant of the TAA series, almost completely lacked CYC1 mRNAs, as did all of the other cyc1-1251-through-cyc1-1255 mutants. However, unexpectedly, the ATA ATG ACT TAA sequence did not cause pronounced diminutions of CYC1 mRNA after approximately nucleotide position 40, a result which is in contrast to the results with the nonsense series, in which the TAA sequence did not cause pronounced diminutions after approximately nucleotide position 130 ( Fig. 2 and  3) . As discussed below, we believe this difference is due to the lack of initiation of translation after approximately nucleotide position 40.
CYC1 mRNA measurements of the representative mutants cyc1-1253, cyc1-1298, and cyc1-1259 revealed a correspondence between the steady-state levels and the half-lives (Table  6 and Fig. 4 ). In addition, upf1-⌬ disruption of the cyc1-1251, cyc1-1253, cyc1-1255, and cyc1-1256 mutants (Fig. 5 ) restored the CYC1 mRNA levels. These results demonstrated that the diminished levels of CYC1 mRNA in the ATG-TAA mutants are the result of Upf1-dependent degradation, similar to the results with the TAA series of mutants.
Distribution of CYC1 mRNA along polyribosomal gradients. We have investigated the translatability of CYC1 mRNA from its distribution along the polyribosomal gradient by Northern analysis of RNA purified from the sucrose gradient fractions (Fig. 7) . The control ACT1 mRNAs from the cyc1-944, cyc1-1250, cyc1-1088, and cyc1-1249 strains were distributed in the same polyribosomal position. The bulk of the CYC1 mRNA in the cyc1-944 mutant was associated with two to six ribosomes (data not presented). A similar CYC1 mRNA distribution was also observed for the cyc1-1250 mutant ( Fig. 7 and Table 5 ) and with the normal CYC1 ϩ strain (1), even when the iso-1-cytochrome c was rapidly degraded because of the lack of heme attachment (13) . However, a distribution indicating one to four ribosomes previously was observed when the rate of translation was diminished because of a hairpin structure in the mRNA (1). Thus, the distribution of a specific mRNA along the polyribosomal gradient reflects not only the length of the mRNA but also the rates of initiation, elongation, and termination of translation of the corresponding protein product. Surprisingly, the CYC1 mRNA from the cyc1-1088 initiator mutant (Table 5 ) gave an unusual distribution covering essentially the entire gradient, as shown in Fig. 7 . A similar distribution was also observed with the cyc1-1249 initiator mutant (data not presented). At least portions of the CYC1 mRNA in the polyribosomal fraction from cyc1-1249 initiator mutants were presumed to be associated with 40S ribosomal subunits because of the lack of an ATG triplet on the mRNA. These results suggested that ATG triplets at positions 57 and 66 were not used for translation initiation on the CYC1 mRNA from the cyc1-1088 mutant, because there is a TAA triplet at position 96 for these two ATG triplets in reading frame 3 (Fig. 1) . A heavy polyribosomal complex would not be expected to form along the CYC1 mRNA from the cyc1-1088 mutant with this translated short open reading frame. This result suggested that ATG triplets located at least at some positions (e.g., nucleotide positions 57 and 66) were not efficient for translation initiation. It was reasonable to speculate that 40S ribosomal subunits and not 80S ribosomes may be responsible for the peculiar distribution of CYC1 mRNA from initiator mutants cyc1-1249 and cyc1-1088. According to the scanning hypothesis, 40S ribosomal subunits are believed to bind initially at the 5Ј end of mRNA and then migrate until the first favorable AUG codon is encountered; translation initiates at this site by the formation of an 80S ribosomal complex (22) (23) (24) (25) . If the initiator mutant lacks the normal AUG codon, one would anticipate an extended region of scanning by 40S ribosomal subunits. As elaborated in the Discussion, the normal level of CYC1 mRNA in cyc1-1088 and cyc1-1249 initiator mutants could be explained by protection with 40S subunits.
We have confirmed that the CYC1 mRNAs are truly associated with ribosomes by examining their distribution after dissociation with EDTA, as shown in Fig. 8 .
Distribution of CYC1 mRNA from ATG series mutants along polyribosomal gradients. We have provided an independent means for testing the hypothesis that translation cannot initiate if the ATG triplet is located after approximately nucleotide position 40, a conclusion that was originally reached by comparing the CYC1 mRNA stabilities in the TAA and ATG-TAA series of mutants (Fig. 3) . As shown above, the proportion of CYC1 mRNA in the top fractions can be used as a measure of the degree of translation. For example, 5 and 37% of the normally translated cyc1-1250 mRNA and the completely untranslated cyc1-1249 mRNA, respectively, are found in the top five fractions (Fig. 9B ). For this analysis, an ATG series of mutants were constructed by generating the sequence ATA ATG ACT at various sites in a CYC1 mRNA that lacked all other ATG triplets. As expected, the results from Northern analysis indicated that CYC1 mRNAs from all of the ATG series of mutants were stable, regardless of the positions of ATG triplets (Fig. 9) . Apparently, the CYC1 mRNAs in the ATG series of mutants were protected by 80S ribosomes or 40S ribosomal subunits if CYC1 mRNA was efficiently translated or poorly translated, respectively, resulting in stability of CYC1 mRNA in all mutants. The distributions of CYC1 mRNA along the polyribosomal gradient were determined by Northern analysis of RNA purified from the sucrose gradient fractions (Fig.  10) . Control ACT1 mRNA molecules from all of the ATG series of mutants were distributed in the same polyribosomal position (data not presented). In contrast, CYC1 mRNA molecules from these ATG series mutants were distributed differently (Fig. 10) . The cyc1-1291 and cyc1-1295 mutants, which have ATA ATG ACT sequences at nucleotide positions Ϫ15 and 37, respectively, had the lowest proportion of CYC1 mRNA in the top fractions, 6 and 14%, respectively, as shown in Fig. 10 . In contrast, the cyc1-1293 and cyc1-1294 mutants, which have an ATA ATG ACT sequence at nucleotide positions 91 and 82, respectively, had high proportions of CYC1 mRNA in the top fractions, 31 and 39%, respectively, similar to the value of 37% found in the cyc1-1249 mutant, which lacked all in-frame and out-of-frame ATG triplets. These results indicated that translation initiation occurred efficiently if ATG was located inside the restricted initiation region, which was originally defined by CYC1 mRNA stability in the ATG-TAA series of mutants.
The initiation region may simply reflect an open structural requirement for initiation of translation of the CYC1 mRNA. We have made cyc1 alterations (Fig. 11 ) that could reveal whether the initiation region was dependent on any putative short-range secondary structures or on the distance between the AUG initiation codon and the 5Ј cap site. The cyc1-1297 mutant contains multiple nucleotide replacements around the position 82 AUG site, the cyc1-1305 mutant contains these alterations plus a premature TAA termination codon but retains the same codon usage, and the cyc1-1299 and cyc1-1304 mutants were derived from the cyc1-1294 and cyc1-1256 mu- (Table 5 ) was separated and analyzed as described in the legend to Fig. 2 Fig. 11 and 12 ). Although CYC1 mRNAs in both the cyc1-1297 and cyc1-1299 strains were stable, they had different proportions of CYC1 mRNAs in the top fractions, 29 and 18%, respectively (Fig.  10) . Thus, both cyc1-1297 and cyc1-1299 appeared to be partially translated, in contrast to the related cyc1-1294 mRNA, which did not appear to be translated. Similarly, the cyc1-1304 deletion mutant was less stable than the cyc1-1256 control strain, but not to the degree that would be expected if the stability was based simply on the distance between the cap site and the AUG initiator codon (Fig. 12) . These results suggested that the translation initiation region was not entirely dependent on either putative short-range secondary structures in the vicinity of the AUG initiator codon or the distance between the AUG initiator codon and the 5Ј cap site. We suggest that the translation initiation region may simply reflect an open structure required for the initiation process. The initiation region is not dependent on the reading frame. Other cyc1 mutants having AUG initiator triplets in different frames revealed that the translation initiation efficiency within the initiation region was not dependent on the translational reading frame (results not presented).
Normal distribution of CYC1 mRNA between nuclei and cytoplasm in initiator mutants. In order to investigate whether untranslatable CYC1 mRNAs are retarded in nuclei and are therefore unavailable for cytosolic degradation, cyc1-944, cyc1-1088, cyc1-1250, and cyc1-1249 cells were fractionated into nuclear and cytoplasmic fractions (53) and the CYC1 mRNA levels in both fractions were determined by Northern analysis (Fig. 13) . The results presented in Table 7 showed that CYC1 mRNAs in ATG initiator mutants cyc1-1249 and cyc1-1088 were stable and were distributed in the nuclei and cytoplasm in the same way as in the cyc1-944 and cyc1-1250 strains. These data suggested that translation of CYC1 mRNA is not required for the stability or nuclear export of CYC1 mRNA.
DISCUSSION
Degradation of CYC1 mRNAs with premature nonsense codons. Early work with Escherichia coli clearly established a relationship between the premature termination of translation and the destabilization of mRNA (18, 32, 34, 37) . These results suggested that prokaryotic ribosomes passively protect mRNA molecules against endonucleotic attack (4). Similarly, premature termination codons in a number of eukaryotic genes apparently caused increased rates of mRNA decay, including the human ␤-globin (3, 14, 33) and triosephosphate isomerase (11) genes and the yeast URA1 (39) , URA3 (31), PGK1 (19) , CYC1 (55), HIS4 (15, 28) , and LEU2 (28) genes. Lacroute and coworkers (31) demonstrated directly that nonsense mutations increased the rate of mRNA degradation without affecting the rates of transcription synthesis. On the other hand, translational termination codons of certain other genes have the opposite effect by diminishing degradation (38) . In these in- (Tables 4 and 5 ) and in the ATG series of mutants. The probes were as described in the legend to Fig. 2. (B cyc1-1297 (F), and cyc1-1299 (G) . The experiment was performed in the same way as that described in the legend to Fig. 2 , except that only the OL93-210 probe for the CYC1 mRNA was used for the Northern blot analysis.
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ stances, mRNA decay is dependent on translation of a short specific sequence that can be prevented by termination codons. Also, terminating mutations in higher eukaryotes may lead to mRNA deficiencies for other reasons, such as defective RNA processing (5, 20, 50, 51) . Although various mechanisms may exist, premature termination of translation of most yeast mRNAs, including CYC1 mRNAs, causes degradation that requires Upf1. The loss of Upf1 function restores wild-type decay rates to mRNAs that would otherwise have been susceptible to the increased decay rates promoted by premature termination codons (28, 40, 41) .
Although required for nonsense-dependent degradation, so far UPF1 has not been shown to encode an endonuclease, either directly or in conjunction with other genes.
The positions of the terminating codons determine the rates of mRNA decay, and all of the yeast genes, URA3 (31), URA1 (39), PGK1 (40), HIS4 (15) , and CYC1 (Fig. 3) , that have been systematically investigated showed almost complete deficiencies of mRNA when the nonsense mutations were in the 5Ј regions and normal or nearly normal levels when the nonsense mutations were in the 3Ј regions. This steplike response suggests that premature terminations before sensitive elements are responsible for mRNA degradation. In this regard, a series of deletions in the PGK1 translated region revealed a 106-nucleotide segment, 3Ј to nonsense codons, that was necessary for the Upf1-mediated mRNA decay (40) . Insertion of a 106-nucleotide segment downstream of a nonsense codon produced rapid decay of the mini-PGK1 mRNA that was otherwise stable. Moreover, deletion of just this 106-nucleotide segment did not stabilize a PGK1 mRNA containing a nonsense codon in the 5Ј region. Thus, there appear to be more than one element that can promote nonsense codon-mediated decay of PGK1 mRNA (40) .
Furthermore, regions encompassing this 106-nucleotide segment, as well as encompassing other translated regions, did not enhance degradation when inserted 3Ј to a nonsense codon situated in the 3Ј region, past the sensitive region (40) . These results indicated that the PGK1 mRNAs with 3Ј proximal nonsense codons are resistant to decay for reasons other than the lack of the 106-nucleotide segment or other specific elements. Analysis of other constructs with still other inserts suggested that the lack of enhanced decay of PGK1 mRNAs with 3Ј 13 . Northern blot analysis of CYC1 mRNA from total, nuclear, and cytoplasmic (Cyto.) fractions. Twenty micrograms of RNA was denatured, electrophoresed in agarose, transferred to a nitrocellulose membrane, and cohybridized to the 32 P-labeled probes OL93-208, OL93-209, and OL93-210 for the CYC1 mRNA and OL88-68 for the ACT1 mRNA. Estimates of the relative amounts of the CYC1 mRNAs are presented in Table 7 .
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proximal nonsense codons was not due simply to the increased distance of ribosomal travel but rather to the inactivation of the nonsense codon-mediated decay pathway when a specific region was translated. Thus, the extensive studies with altered PGK1 mRNAs suggested that at least two types of elements were critical for nonsense codon-mediated decay: (i) the 106-nucleotide segment and other redundant elements that enhance rapid decay when not translated (sensitive elements) and (ii) elements normally in the last half of the PGK1 mRNA that prevent decay when translated (stabilizing elements) but that are not in themselves sensitive elements (40) . Peltz et al. (40, 41) suggested that the role of 106-nucleotide segment in nonsense codon-mediated decay of PGK1 mRNA was to promote translational reinitiation or pausing, a conclusion based on the following observations. (i) The 106-nucleotide segment encompasses three AUG codons, and deletion of two of these codons resulted in the loss of its ability to cause degradation of nonsense codon-containing PGK1 mRNAs. (ii) A hairpin structure that inhibited initiation and reinitiation of translation also stabilized an otherwise unstable PGK1 mRNA when inserted downstream of a nonsense codon. (iii) A ninenucleotide sequence surrounding the two pertinent AUG codons was shown to be complementary to a segment of yeast 18S rRNA. Our results clearly do not support the notion that the CYC1 mRNA contains such an element with these properties. The cyc1 mRNAs used in the studies lacked internal AUG codons (Fig. 3) , and, furthermore, similar degradation responses were obtained with cyc1 mRNAs containing the normal AUG codons (54) . Also, CYC1 mRNAs do not contain any segments that are complementary to 18S rRNA (data not presented). Furthermore, as discussed below, we believe that initiation of translation cannot efficiently occur in the region past approximately nucleotide position 37. It remains to be seen whether PGK1 and CYC1 mRNAs are degraded by two different mechanisms, even if they are both Upf1-dependent, or whether translational reinitiation or pausing plays no role in nonsense-mediated decay of either mRNA.
Muhlrad and Parker (35) and Hagen et al. (15) have presented evidence that Upf1-dependent (or nonsense-mediated) mRNA decay proceeds by decapping and subsequent degradation by the action of the Xrn1 5Ј33Ј exoribonuclease. Furthermore, studies of initiation of translation (21, 36) and the presence of circular polyribosomes in electron micrographs (6) have suggested that the 5Ј cap (or 5Ј untranslated region) and the poly(A) tail are associated. This interaction between the 5Ј cap and the poly(A) tail may in fact prevent decapping (35) . One simple mechanism for nonsense-mediated mRNA decay is that nonsense codons in the 5Ј region cause release of the 80S ribosomes and expose a sensitive element situated at the 3Ј end of the sensitive region, and this sensitive element disrupts the association between the 5Ј cap and the poly(A) tail, leading to decapping and degradation by the Xrn1 5Ј33Ј exoribonuclease. This sensitive element could be any of a number of sequences that interact with regions near either the 5Ј cap of the poly(A) tail when not covered by 80S ribosomes. As discussed below, 40S ribosomal subunits and ribonucleoproteins (RNPs), as well as 80S ribosomes, may serve to prevent interactions with these hypothetical sensitive elements.
Furthermore, the sensitive elements may be redundant, and other elements outside of the sensitive region may also influence degradation, as indicated by extensive study of PGK1 (40) and HIS4 (15) mRNAs.
CYC1 mRNAs are protected by 40S ribosomal subunits and RNPs. The prevention of translation, and therefore the absence of 80S ribosomes, does not necessarily result in decay of mRNAs. The cyc1-1249 mutant, lacking ATG triplets (Table  5 ), contains approximately the normal level and approximately the normal size of CYC1 mRNA (Fig. 6 ). This cyc1-1249 mRNA and related mRNAs are abnormally distributed along the polyribosomal gradient (Fig. 7) and are assumed to be associated primarily with 40S ribosomal subunits, as predicated by the scanning hypothesis (24) , and with possible RNPs.
Similarly, mRNAs that contained hairpin structures preventing scanning of 40S ribosomal subunits, initiation of translation, or elongation of 80S ribosomes, may be protected from degradation because of their association with 40S ribosomal subunits and the retention of RNPs. Laso et al. (27) examined the translatability and steady-state levels of a series of yeast mRNAs differing only by the insertion of a stable hairpin structure in the 5Ј untranslated region. Consistent with earlier experiments by Cigan et al. (8) , these workers found that translation could be inhibited up to 96% by these structures without changing the levels and therefore, by inference, the stability of the mRNA. The untranslated mRNAs containing these 5Ј hairpin structures accumulated in 43S preinitiation complexes (42) . Furthermore, as discussed above, a hairpin structure that inhibited initiation and reinitiation of translation also stabilized an otherwise unstable PGK1 mRNA when inserted downstream of a nonsense codon (41) .
The simplest interpretation is that wild-type mRNAs and mRNAs lacking effective ATG initiator codons or containing secondary structures are transcribed and exported as large RNP particles (12) . The mRNAs form 43S preinitiation complexes, and the RNPs are probably sequentially replaced by 40S subunits during the scanning process and by 80S ribosomes during the elongation process. If the CYC1 mRNAs lack an effective ATG initiator codon, the resulting mRNAs may be covered and protected by 40S ribosomal subunits or RNPs. The abnormal distribution in a polyribosomal gradient is difficult to reconcile with the apparently normal size and level. However, the properties of mRNA associated with 40S subunits may differ from the more homogeneous distributions observed with mRNA associated with 80S ribosomes.
Thus, we propose that the lack of degradation of these mRNAs lacking ATG triplets is due to their association with RNPs and 40S ribosomal subunits. Likewise, mRNAs containing inhibitory secondary structures may be blocked in the translational process but still retain 43S preinitiation complexes, 40S ribosomal subunits, 80S ribosomes, or RNPs, depending on the site of the hairpin structure. On the other hand, termination of translation and release of the 80S ribosomes also may free the RNPs distal to the site of the nonsense codon. If a critical sensitive element is appropriately situated 3Ј to the nonsense codon, the mRNA will be degraded by the Upf1 system. Although 40S ribosomal subunits presumably are not terminated or released solely by chain-terminating codons, the scanning could be terminated in a controlled fashion by the formation and subsequent termination of 80S ribosomes, which (Fig. 6 ). Translation appears to initiate only in a restricted region-a proposal. The levels of Upf1-mediated degradation of CYC1 mRNA differ in the TAA series and ATG-TAA series of mutants when comparisons are made with TAA codons at the same corresponding sites (Fig. 3) ; mRNA is not appreciably degraded when the TAA codons are 3Ј to approximately nucleotide position 150 in the TAA series and approximately nucleotide position 50 in the ATG-TAA series.
We have interpreted these results by the model schematically presented in Fig. 14. CYC1 mRNA in the wild-type and initiator mutants is transcribed from the chromosomal CYC1 gene and transported as an RNP particle from the nuclei to the cytoplasm (Fig. 14A) . Normally iso-1-cytochrome c is translated by initiation and termination at the wild-type AUG and UAA codons, respectively (Fig. 14B) . When the normal AUG initiator codon is altered, translation does not initiate (Fig.  14C) , even when there is an AUG codon at the internal site of the CYC1 mRNA (Fig. 14D) . These mRNAs are stabilized by the 40S ribosomal subunit and RNPs distributed along the mRNAs (Fig. 7) .
Premature termination can occur at any UAA mutation (Fig. 14E, F, and G) . The mRNA is degraded if the UAA termination codon lies inside the sensitive region (Fig. 14E and  F) but not if it is distal to approximately nucleotide position 211, past this sensitive region (Fig. 14G ). This degradation occurs by exposing one or more sensitive elements within the sensitive region; we propose that at least one sensitive element is located at the 3Ј end of the sensitive region, depicted at the top of Fig. 14. The scanning of the 40S ribosomal subunits can be disrupted by insertion of ATG-TAA codons, because of the formation and subsequent prompt release of 80S ribosomes (Fig. 14E, H , and I). These premature terminations also cause degradation of the mRNA because of exposure of one or more sensitive elements. However, no premature termination or destabilization occurs when the AUG-UAA sequence is inserted outside of the initiation region ( Fig. 14J and K) . Thus, we suggest that efficient initiation of translation occurs at the AUG codon only within this hypothetical initiation region.
The ability to initiate translation only within the initiation region was confirmed with the polyribosomal distributions of CYC1 mRNAs having ATG triplets at various sites but with all having only the normal in-frame TAA terminating codon at position 328. As expected, CYC1 mRNAs in all of the ATG series of mutants were stable (Fig. 9) . Because of the lack of premature termination, CYC1 mRNAs having an effective ATG codon are protected by 80S ribosomes and CYC1 mRNAs having an ineffective ATG codon are protected by 40S ribosomal subunits and RNPs. However, the CYC1 mRNAs were distributed differently in the polyribosomal gradients. Only a small proportion of the cyc1-1291, cyc1-1250, and cyc1-1295 mRNAs were found in the top fractions of the gradient, indicative of translation, and all of these mRNAs contained ATG triplets within the initiation region. In contrast, high proportions of 30 to 40% of the cyc1-1293 and cyc1-1294 mRNAs were found in the top fractions of the gradient, indicative of the lack of translation and comparable to mRNAs that are untranslatable, and these mRNAs contained ATG triplets 3Ј to the initiation region (Fig. 10) .
As shown in Fig. 12 , the results of the cyc1 mutants described in Fig. 11 indicated that the initiation region could be altered by multiple nucleotide replacements and deletions. Changes in the levels of translation were estimated from comparisons of the cyc1-1256, cyc1-1304, and cyc1-1305 mRNA stabilities and from comparisons of the cyc1-1294, cyc1-1297, and cyc1-1299 mRNA polyribosome distributions. The 60-nucleotide deletion in cyc1-1299 and cyc1-1304 that diminished the distance between the cap site and the AUG initiator codon enhanced the level of translation, but not to the level found in the undeleted AUG mutants with equivalent distances. On the other hand, multiple replacements surrounding the AUG initiator codon, without altering the distance from the cap site (cyc1-1297 and cyc1-1305), slightly diminished the level of translation. Because deletions also alter secondary structures, the results are difficult to interpret. It is possible that the initiation regions simply are open structures that allow high efficiencies of initiation of translation. It is also possible that the lack of initiation of translation outside the initiation region is due to the inability of 40S ribosomal subunits to scan past approximately nucleotide position 37 because of a secondary FIG. 14. Schematic representation of the translation initiation model, depicting the distribution of 80S ribosomes and 40S ribosomal subunits, as well as that of the proteins (solid circles) associated with RNP particles. Translation occurs efficiently only in the initiation region, either because the initiation process cannot occur or because 40S ribosomal subunits cannot scan past approximately nucleotide position 37. The sensitive region contains one or more sensitive elements that promote Upf1-dependent degradation unless protected by 80S ribosomes, 40S ribosomal subunits, or RNPs. Termination and 80S ribosome release occur at any UAA site that is preceded by an in-frame functional AUG initiation codon. Short open reading-frames (AUG ACU UAA) result in the exposure of sensitive elements, and therefore degradation, only if they lie within the initiation region. See the text for more detailed explanations.
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on March 1, 2013 by PENN STATE UNIV http://mcb.asm.org/ structure. We anticipate that a weak hairpin structure would have such properties. RNPs would still be retained on an mRNA containing such a secondary structure preventing scanning of 40S ribosomal subunits, but the secondary structure would still allow elongation of 80S ribosomes. However, because cyc1-1249 mRNAs are distributed throughout the gradient (Fig. 7) , we favor the view that at least a fraction of the mRNAs may be covered with 40S ribosomal subunits.
